A four stage asymmetric type depressed collector has been designed for the Israeli mm-wave FEM that is driven by a 1.4 MeV, 1.5 A electron beam. After leaving the interaction section the spent beam has an energy spread of 120 keV and 75 p mm mrad normalized beam emittance. Simulations of the beam transport system from the undulator exit through the decelerator tube into the collector have been carried out using EGUN and GPT codes. The latter has also been employed to study trajectories of the primary and scattered particles within the collector, optimizing the asymmetrical collector geometry and the electrode potentials at the presence of a deflecting magnetic field. The estimated overall system and collector efficiencies reach 50% and 70%, respectively, with a beam recovery of 99.6%. The design is aimed to attain millisecond long pulse operation and subsequently 1 kW average power. Simulation results are implemented in a mechanical design that leads to a simple, cost efficient assembly eliminating ceramic insulator rings between collector stages and the associated brazing in the manufacturing process. Instead, each copper plate is supported by insulating posts and freely displaceable within the vacuum chamber. We report on the simulation results of the beam transport and recovery systems and on the mechanical aspects of the multistage collector design. r 2001 Published by Elsevier Science B.V.
Introduction
Electron beam energy recovery is essential to the operation of continuous wave, kilowatt level high power free electron lasers. The concept has been utilized before in electrostatic accelerator (EA) driven FELs producing relatively low rep. rate (o10 Hz) far infrared pulses up to 20 ms duration with 5-10 kW output power [1] . It has been only recently that FEL devices based on superconducting energy recovery RF-linacs have successfully generated (quasi) cw, kilowatt laser beams [2] . There are currently experiments underway to demonstrate the ability of EA-Free Electron Masers (FEM) in providing high power mm-waves from kilowatts [3] to megawatts at pulse lengths up to 100 ms [4] . In Electrostatic Accelerators, sustaining ampere level electron pulses over tens of milliseconds with sufficiently stabilized terminal accelerating voltage requires highly efficient transport and collection (recirculation) of the beam charge with recovery rates R over 99%. The combined charge and energy recovery process also *Corresponding author.
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enhances the overall system efficiency to values exceeding 50% while achieving, as a side benefit, significant reduction in the levels of ionizing radiation and heat dissipation as well. After lasing has been demonstrated on the Israeli tandem FEM, the current objective is to operate the system at 100 GHz central frequency with milliseconds long pulses in single longitudinal mode, attaining up to 1 kW average output power. The spectral linewidth of the generated radiation is Fourier transform limited, corresponding to 10 À8 -10 À9 for the targeted pulse durations; a value that is orders of magnitude smaller than those observed in RF-linac based short pulse FELs. Realization of the desired operation mode, however, imposes stringent requirements on the ebeam transport system and the collector design. The interception of the electron beam current in the terminal due to imperfect beam transport or backstreaming current, leaking out of the collector into the decelerator tube, leads to terminal voltage drop resulting in limited radiation pulse durations and mode hopping [5] . The rate of the voltage drop is determined by the charging current I c ; the recovered current RI b and the terminal capacitance C: The achievable pulse length t p is related to the recovery rate R by
N being the number of undulator periods. When charging current I c and leakage currents out of the terminal are balanced, the FEL operates on a continuous basis. For the Israeli FEM driven by a V=1.4 MV, I b =1.5 A beam, the condition to reach millisecond long pulses is RX99.6% (Table 1) .
Beam transport and multistage collector simulations
The design of a collector, associated system efficiency and the beam transport crucially depend on the energy distribution of the spent beam. This has been determined by the simulations of beamwave interaction in a waveguide resonator utilizing the FEL3D code [6] . Fig. 1 shows the simulated electron energy distribution after the FEM interaction, under conditions of minimal energy spread and nearly maximal power extraction from the beam (47 kW). At the undulator-exit the beam energy ranges from 1.32 to 1.44 MeV whereby 1.4 MeV is the initial beam energy. Beam parameters resulting from FEL3D code were the input for the beam transport simulations that are carried out using EGUN and GPT codes [7] starting from the undulator exit through decelerator tube into the multistage collector.
Beam transport from undulator to multistage collector
An 80 kV pierce e-gun delivers 1-1.5 A beam that is injected into a 20 period permanent magnet undulator with beam energies ranging from 1.1 to 1.5 MeV corresponding to a laser tuning range of 70-110 GHz. Schematics of the beam transport system following the undulator section and the multistage collector are shown in Figs. 2 and 3 , respectively. The present configuration of the collector assembly consists of two 2 00 vacuum pipes inserted into the low voltage end of the decelerating tube serving as current collecting electrodes and (by varying their potentials independently) as a simple energy analyzer measuring the energy spectrum of the spent beam as well [8] .
Downstream from the interaction section, particularly after the beam deceleration, the beam transmission is complicated by the spent beam's energy spread, amounting to 110-120 keV and a normalized transverse emittance of 75 p mm mrad. Behind the undulator, a set of four focusing/ defocusing quadrupoles is employed to transport the beam into the decelerator tube. The quadrupole field strengths in conjuction with a relatively large beam radius at the decelerator entrance (B40 mm) are set to focus the beam into the beam pipe located at the end of the decelerator column where the potential is chosen to be 65 kV. Five solenoid lenses are required to ensure the beam transport over the drift section between decelerator exit and the depressed collector entrance (Fig. 2) . At this part of the beamline, the beam optics design requires an energy acceptance of 55-180 keV according to the beam energy distribution associated with 47 kW power extraction from the beam [6] . The solenoid fields are determined such that overfocusing of particles at the low energy range is avoided while providing the necessary guiding for those with high transverse momentum (Fig. 4) . Since most of the beam optics components in an internal cavity EA-FEL [3] reside inside a pressurized tank, the electron optics design enables the transport of the 1.1-1.5 MeV beam considering the largest value foreseen for the energy spread and transverse emittance at fixed component positions, by adjusting quadrupole and solenoid current settings.
Multistage collector
Particle trajectories within the asymmetrical collector are calculated using the GPT code, taking into account 3D space charge and multiscattering of particles from the copper surfaces (Fig. 5) . The adopted mechanical and electrical design of the four stage collector has been determined by studying the dependence of the charge and power recovery on the shape, potential and location of the collector electrodes. The collector comprises 5 copper electrodes housed in a grounded vacuum chamber (Fig. 3) that is located outside of the SF 6 pressure tank. The base plate (5th electrode) serves as a reflector for the highest energy electrons. The asymmetrical geometry of the collector causes the beam to enter off center; due to the selected electrode geometry, electric field components are generated that attract the particles away from the apertures towards the collector-center, reducing thereby the probability of backwards reflection into the decelerator tube [9] . Low energy secondaries with several tens of eV are pushed efficiently back to the plate surface. In addition to the electric fields, a magnetic field is applied from the side of the collector to supress more efficiently the backstreaming of scattered primaries to a level required (0.2%p) for the millisecond range FEM operation.
Simulation results are implemented in a mechanical design that leads to a simple, cost efficient assembly, eliminating ceramic insulator rings between collector stages and the associated brazing in the manufacturing process [10] . The copper electrodes are supported by alumina insulator posts. Four ceramic feedthroughs will be used in providing the high voltages to the electrodes. Variations in the order of 5% will be allowed on the potential of the electrode #1 to #3 (Table 2) while operating the FEM. Unlike other collectors employed in EA-FEL's [1, 4] the presented one offers the flexibility of variable electrode positioning and voltage optimization for a final improvement on the collection efficiency accounting for real FEL operation conditions. This feature enables the design to be less sensitive for possible erroneous assumptions made on the energy spread and the beam phase-space at collector entrance.
The performance parameters of the four stage collector are listed in Table 2 . The electrode voltages are specified with respect to ground recalling that the cathode potential is set to À80 kV. The system efficiency is given by Z s ¼ P rf =P in ; where P rf and P in are the maximum outcoupled mm-wave power and the total electrical power provided to the device by the power supplies, respectively. Corresponding to a resonator design goal with 10% internal cavity losses and 35-40% outcoupling [6] , the system efficiency amounts to 50%. The collector efficiency on the other hand is defined by Z c ¼ P rec =P ent ; the ratio of the recovered power by the collector plates and the beam power upon entrance into the collector. The calculated Z c =70-75 is based on the beam energy distribution shown in Fig. 1 , with a maximum power extraction of 47 kW from the electron pulse at the end of the interaction region. To attain the targeted average mm-wave power % P rf =1 kW in the continuous pulse train operation, the duty cycle is set to be 2.4%. The resulting thermal load of nearly 1 kW has to be removed from the collector plates by means of a cooling system.
Conclusions
We have discussed a number of critical issues in the beam transport and multistage depressed collector system design of an internal cavity EA-FEM to generate narrow linewidth, tunable mmwave radiation in continuous millisecond long pulse trains at 1 kW average power. Our estimate of R=99.6% for the targeted millisecond pulse duration permits 0.2% (B3mA) current loss along the transportline with the predicted 0.2% backstreaming in the presented asymmetrical four stage collector. Further, the collector design concept enables final optimization of the collector structure and the associated collector performance on the basis of ''real'' FEM operation conditions. The multistage collector is currently in a design and construction stage; it will be incorporated into the FEM structure after experiments with the present two stage collector [8] will be concluded. 
